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ABSTRACT
LUSI (Lumpur“mud”-Sidoarjo) is the mud volcanic which was initiated by the failed gas drilling exploration activities 
carried out near an urban area. The evaluation of the LUSI mud volcanic emission and its dried mud effects on air pollution 
and human health was carried out from 2011 to 2012. The concentrations of particulate matter (PM2.5), hazardous 
gases (H2S, SO2, NO2), volatile organic compounds (VOC): Including total hydrocarbons (THC)), toluene (C6H5CH3) and 
benzene (C6H6) as well as heavy metals (Pb, Cr and Cd) were measured following standard methods. The results showed 
that the average concentration of PM2.5 ranged from 24.0-399.9 μg/m
3, H2S: 1.53-2.92 ppm; SO2: 0.021-1.321 ppm and 
NO2: 0.007-0.076 ppm. The VOC included total hydrocarbons from 0.57-0.96 ppm, toluene 0.33-0.92 ppm and benzene 
0.33-0.40 ppm. Furthermore, heavy metal concentrations were as follows: Pb 2.6-37.34 μg/m3; Cr 0.14-12.8 μg/m3 and 
Cd 0.78-4.16 μg/m3. LUSI contributed to increased air pollution primarily through H2S, SO2 and PM2.5. The Air Quality 
Index (AQI) of PM2.5 (164-217) and  SO2 (235-291) showed that the air quality at the disaster area was ‘very unhealthy’. 
Backward trajectories indicated that the wind direction may have had an impact on the air pollution load. 
Keywords: Air quality index; heavy metals; VOC; volcano
ABSTRAK
LUSI (Lumpur “lumpur” -Sidoarjo) adalah bencana lumpur gunung berapi yang disebabkan oleh kegagalan aktiviti 
penggerudian gas yang terjadi berhampiran dengan kawasan bandar. Penilaian kesan pelepasan gas gunung berapi 
LUSI dan lumpur keringnya terhadap pencemaran udara dan kesihatan manusia ini telah dijalankan pada tahun 2011 
hingga 2012. Kepekatan zarahan halus (PM2.5), gas berbahaya (H2S, SO2, NO2, VOC: jumlah hidrokarbon (THC)), toluena 
(C6H5CH3) dan benzena (C6H6) serta logam berat (Pb, Cr and Cd) diukur menggunakan metod piawaian. Keputusan 
menunjukkan purata kepekatan bagi PM2.5 antara 24.0-399.9 μg/m
3, H2S: 1.53-2.92 ppm; SO2: 0.021-1.321 ppm dan 
NO2: 0.007-0.076 ppm. VOC termasuk jumlah hidrokarbon daripada 0.57-0.96 ppm, toluena 0.33-0.92 ppm dan benzena 
0.33-0.40 ppm. Tambahan pula, kepekatan logam berat adalah seperti berikut: Pb 2.6-37.34 μg/m3; Cr 0.14-12.8 μg/m3 
dan Cd 0.78-4.16 μg/m3. LUSI menyumbang kepada peningkatan pencemaran udara terutamanya H2S, SO2 dan PM2.5. 
Merujuk kepada Indeks Kualiti Udara (AQI) PM2.5 (164-217) dan SO2 (235-291) menggambarkan bahawa kualiti udara 
di kawasan bencana tersebut adalah ‘sangat tidak sihat’. Trajektori udara kebelakang menunjukkan arah angin mungkin 
mempunyai kesan ke atas beban pencemaran udara. 
Kata kunci: Gunung berapi; indeks kualiti udara; logam berat; VOC
INTRODUCTION
The LUSI (Lumpur ‘mud’-Sidoarjo), mud volcano has 
been emitting hot mud in the Sidoarjo district of East 
Java, Indonesia since May 29, 2006 as a result of extreme 
pressure of the subsurface mud layers, the cause of which 
could be linked to the gas exploration activities that were 
carried out in that area. The LUSI mud volcanic eruption 
has been predicted to continue for the next 26 years 
(Davies et al. 2011). An evaluation of the hazardous 
gases emitted is important as huge volumes of the hot 
mud, which can amount to almost 160,000 m3/day, in 
the form of a mixture of mud, boiling water and volcanic 
gases (Brown 1990; Milkov 2005; Plumlee et al. 2008; 
UNDAC 2006) are being emitted. Gas from the offshore 
mud volcanoes are released directly into the atmosphere 
and thus directly affect the content of the atmospheric 
gases (Akesson 2008). The smell of rotten eggs has 
been detected in the vicinity of the LUSI mud volcano 
crater, indicating the presence of hydrogen sulfide 
(H2S) (ATSDR 2006; Mazzini et al. 2007; Plumlee et al. 
2008; Sher 1998). In addition, due to the disastrous gas 
drilling activities, natural gases have also been reported 
to have been emitted at random sites surrounding the 
mud volcano, hence potentially increasing the content 
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of volatile organic compounds. The LUSI mud volcanic 
emission has been occurring in the semi urban and densely 
populated district of Sidoarjo, plus it is also close to the 
densely populated urban and industrial areas, namely 
Surabaya (ADB 2006; Kono 2003;). Several previous 
studies have reported that (54-90%) of LUSI contained 
heavy metals such as aluminium, iron, zinc, chromium, 
lead and copper. Since 90% of the particle size was less 
than 10 μm, approximately 45% of dried LUSI mud could 
be respired into the alveoli of the lungs (Hidayati et al. 
2017, 2014, 2013; Plumlee et al. 2008). Accordingly, 
LUSI could have contributed to the ambient air pollution, 
which in the present study is highlighted for several 
parameters in the urban areas. The aim of the study 
was to measure and evaluate the effects of the chemical 
constituents of the LUSI mud volcanic emission and the 
particulate matter from the dried mud on air pollution and 
human health risk in the affected area. There were several 
relevant parameters which included fine particulate matter 
(PM2.5), NO2, SO2, H2S, heavy metals and volatile organic 
compounds (VOCs). Monitoring of the air pollution status 
at the mud volcano area and the human health risk factors 
involved is important in order to minimize any serious 
consequences. 
METHODS
DESCRIPTION OF SAMPLING STATIONS AND SURVEY TIMES
With reference to Figure 1, the large mud pond is 
surrounded by an embankment which was built to prevent 
the LUSI mud from flooding and subsequently flowing into 
the nearby human settlements and roads. The air sampling 
sites were selected based on their ease of access as well as 
for being representative of the breathing zone of individuals 
living in the adjacent settlements. Three sampling stations 
were selected namely A1 (7°31′ 59.8″S; 112°43′ 18.1″E), 
located at approximately 0.5 km from the LUSI mud 
emission area; A2 (7°30′ 50.57″S; 112°43′ 37.57″E) at 
approximately 1 km from the LUSI mud emission area 
and close to the human settlement and A3 (7°32′ 36.57″S; 
112°44′ 35.06″E), approximately 4 km from the LUSI mud 
emission area and close to the motorized traffic and roads. 
Air samples were taken on five designated days of the 
survey conducted from January 2011 to April 2012 (based 
on previous seasonal studies). 
AIR SAMPLING AND METHODOLOGY OF ANALYSES
The portable wet-chemical system using the RAC 5-Gas 
sampler (LLC 3293 Ash Burton Chase NE Rosewell 
GA 30075) and a high volume air sampler (HVS -Tisch 
Environment, TE-6070V-2.5) were used to collect the 
particulate matter and polluted air samples of the ambient 
air. The levels of volatile organic compounds (VOCs) and 
H2S were measured on-site using the photo-ionization 
detector (PID-2020 ppb PRO Photovac). Quantification 
of heavy metals was done using the Graphite Furnace 
Atomic Absorption Spectrophotometer (GFAAS-Hitachi 
Z-2000 Series), whilst for SO2 and NO2 analyses, the UV 
1100 Spectrophotometer was used.
 Briefly, the gas samples (for air quality measurement) 
which included sulfur dioxide (SO2), nitrogen dioxide 
(NO2) and the heavy metals (lead, cadmium and 
chromium), were collected simultaneously in the liquid 
state using the RAC 5-gas sampler (absorption by the 
reagent solutions). As a portable electric generator was 
used, the vacuum pump of the RAC gas sampler was 
operated at a flow rate of 0.175 L/min, whereby the air 
FIGURE 1. The air sampling sites. The LUSI mud volcano is located in the Sidoarjo district, East 
Java and the mud is collected in a pond that is surrounded by an embankment. Sampling sites at 
the surrounding embankment areas were labelled A1, A2 and A3 (circles)
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was drawn in through a conical rain shield and inlet tube. 
The particulate matter was separated by a membrane-type 
inlet filter, whereby the air entered the inlet manifold and 
was streamed into five equal volumes that flowed through 
tubing to the bubblers that contained 50 mL of the reagent. 
After 60 min, the collected air samples in the reagent 
tubes were transferred to pre-washed polyethylene bottles 
which were covered with solid, leak-proof threaded caps, 
prior to laboratory analyses for NO2 and SO2 using the 
UV 1100 Spectrophotometer (by the Phenol disuphonic 
acid method and the pararosanilin method, respectively) 
(Gokhale 2009; SNI 2005a; SNI 2005b). Meanwhile, the 
samples in the acidic reagents for determination of metal 
content (Queensland EPA 1997) were analyzed using the 
GFAAS which was operated in accordance to the USEPA 
method 200.9 (Creed et al. 1994).
 The fine particulate matter, PM2.5, was collected using 
the HVS that was operated in accordance to the USEPA 
methodology for particulate air monitoring (RFPS-0202-
141). The weighed filter paper (Whatman quartz micro 
fiber 20.3 × 25.4 cm) was placed in the filter holder made 
of stainless steel (size 8” × 10”). When the HVS was 
switched on, the fine particulate matter from the ambient 
air flowed into the coffers of the HVS and got trapped in 
the filter paper. After 60 min, the filter paper was carefully 
removed from the filter holder and placed in a labelled 
plastic container. Then, the filter paper was immediately 
taken to the laboratory for analysis using the gravimetric 
method. Initially, the filter paper was dried in an oven 
at 40°C for 3 h, then cooled in a pre-weighed flask that 
was weighed several times to determine the final weight. 
The concentration of the fine particles in the air was 
determined based on the difference in weight before and 
after the samples of fine particulate matter were weighed 
and expressed in micrograms per cubic meter (μg/m3). 
The VOCs including total hydrocarbon, benzene, toluene 
and H2S were analyzed in-situ using a PID. 
TRAJECTORY WIND DIRECTION ASSUMPTION
The assumed wind direction using trajectory analysis 
was obtained using the HYSPLIT (hybrid single- particle 
lagrangian integrated trajectory) model and estimation 
was done within 24 h, from a height of 500 m (Draxler & 
Rolph 2013; Rolph 2013).
HEALTH RISK BASED ON AIR QUALITY INDEX (AQI)
Estimation of air quality on human health was measured 
based on the AQI (Air Quality Index) which was obtained 
using the USEPA equation, ‘AirNow’ (http://www.airnow.
gov/index.cfm?action=resources.conc_aqi_calc) and 
referred to as the AQI value in the following equation: 
AQI =
 (AQIHi) – (AQILo)   –––––––––––––––– x ((ConCi) – (ConCLo)) + (AQILo)
  (ConCHi) – (ConCLo)
where ConCi is the input concentration of a given pollutant; 
ConCLo is the concentration breakpoint that is less than or 
equal to ConCi; ConCHi; is the concentration breakpoint 
that is greater than or equal to ConCi; AQILo is the AQI 
value corresponding to ConCi; and AQIHi is the AQI value 
corresponding to ConCi.
 The health status in accordance to the USEPA standards 
(2006) was divided into six categories namely good, 
moderate, unhealthy for sensitive groups, unhealthy, very 
unhealthy and dangerous. 
RESULTS
CURRENT CONDITIONS OF SAMPLING STATIONS 
The meteorological conditions, one of the air quality 
factors (Hawkins & Holland 2010; Tai et al. 2010; Tiwari 
et al. 2012) was obtained from the local weather forecast 
(http://www.wunderground.com/weather-forecast/ID/
Juanda.html) and summarized in Table 1. 
 The mean temperature reading during the time of 
sampling was 28°C. Hasan (2003) reported that the rainy 
season in the areas along the Brantas River, including 
Sidoarjo, occurred from November to April, while the 
dry season was from May to October. Similarly, rainy 
days in the current study areas were observed in January 
and February (5 times/week) and in March and April (2-4 
times/week) whereas, the dry season occurred in October. 
In general, the rain usually occurred in the evening hence, 
there was no difficulty in obtaining the air samples during 
the rainy season. The plumes of steam and gas emitted 
from the LUSI mud volcano are presented in a series of 
satellite images from CRISP (2012, 2011, 2010), (Figure 
2) indicating the active state of the mud volcano. 
 The backward trajectories within 24 h from a height of 
500 m indicated that the wind direction in January 2011 and 
February 2011 was from the northwest. However, the wind 
direction in October 2011, March 2012 and April 2012 was 
from the southeast, west and east, respectively. The wind 
directions may have an impact on the air pollution load 
(Lodhi et al. 2009).
 A summary of ambient air quality at the mud volcano 
area (Table 1), showed that the average maximum 
concentration for several parameters during January 2011 
- April 2012 including PM2.5 ((A1=299.63; A2=190.45; 
A3=399.9) μg/m3), H2S ((A1=2.92; A2=2.53; A3=2.30) 
ppm); SO2 ((A1=1.096; A2=0.938; A3=1.340) ppm) and 
total HC ((A1=0.89; A2=0.96; A3=0.92) ppm) were at levels 
above all the stipulated permissable standards. Meanwhile, 
the concentration of Pb ((A1=37.34; A2= 29.52; A3=22.83) 
μg/m3) exceeded the standard permissable levels of NAAQS 
USEPA (1990). However, the ambient air quality and 
Permissible Exposure Limits (PELs) were at a safe level in 
the East Java Province (2009) according to the standards of 
the Occupational Safety and Health Administration (OSHA). 
 Several investigations have shown that the PM2.5 
concentration is negatively correlated with wind speed 
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(Hawkins & Holland 2010; Tai et al. 2010; Yadav et. 
al. 2014). However, Hosiokangas et al. (2004) found 
that high wind speed may increase PM2.5 concentration 
due to the process of wind-blown resuspended dust. In 
line with Hosiokangas’s findings (2004), there was high 
concentration of PM2.5 in the current study (Table 1 & 
Figure 3) and these readings were higher in January 2011 
(299.63±50.70 μg/m3) and February 2011 (289.94±49.21 
μg/m3) when the wind speed was high (Table 1). Also, 
for the sampling period in October 2011 (42.50±7.78 μg/
m3), March 2012 (87.50.±14.85 μg/m3) and April 2012 
(114.±19.35 μg/m3) the lower wind speed was followed 
with lower concentration of PM2.5. 
 As mentioned earlier, the high PM2.5 was brought 
about by the wind-blown resuspended dust, believed to 
have originated from the aggregation of several sources: 
from the dry mud of LUSI which constituted about 45% 
fine particulates that can produce dust size particles 
of <2.5 m which can be accidentally inhaled into the 
respiratory system and can also be swallowed from hand 
to mouth (Plumlee et al. 2008); from the construction of 
the embankment (UNDAC 2006) and access roads; from 
dust of the unpaved roads; and from fumes emitted by 
motor vehicles. The backward trajectory (Figure 3), of 
the wind direction in January and February 2011 caused 
an increase in the risk of transported dust blown from the 
LUSI mud volcano area to the sampling sites. Moreover, 
the spatial trend of the increase in PM2.5 indicated that the 
stations closer to the dust point sources, namely, A1 (close 
to the LUSI mud volcano and embankment construction 
work) and A3 (close to dust emission from the access 
road construction, unpaved roads and motor vehicles) had 
significantly higher PM2.5 (p<0.05) than that at the sampling 
stations of A2. 
 Table 1 shows that the metal concentration was in 
the order of Pb>Cr>Cd. All observed Pb concentrations 
were lower than the permissible level as stipulated by 
OSHA (50 μg/m3). Low Pb concentration was found in the 
environment and in the water of the mud volcanoes (Uruioc 
2011). Contribution of the mud eruption to Pb pollution in 
the ambient air was relatively low (ATSDR 2007a). Most of 
the Pb generated was from human activities which included 
metal processing, chemical industries and emission from 
vehicles. Previously, UNDAC (2006) reported that Pb 
pollution in the ambient air of  the LUSI mud volcano area 
was primarily caused by motorized vehicles (traffic) plus 
mud digging and pumping activities. The presence of 
Pb was also believed to have arisen from industrialized 
activities such as shipbuilding, metal processing and 
petroleum (ADB 2006; Kono 2003) as well as from the 
urban traffic along the Surabaya and Sidoarjo city roads. 
However, despite the Indonesian government’s efforts at 
promoting the usage of unleaded gasoline since 2006, the 
Pb concentration in the petroleum at Surabaya (the capital 
of East Java province) is still high at around 0.6-3.0 ppm 
(Wailanduw 2008). Meanwhile, a survey conducted during 
October 2011-April 2012 showed that the Pb concentration 
at the station away from the mud volcano and nearest to the 
road traffic, namely A3 ((S3=22.71; S4=2.62; S5=17.99) 
μg/m3), was significantly higher than that at the station 
nearest to the mud volcano namely, A1 ((S3=21.08; S4= 
6.69; S5=5.64) μg/m3). As reported by UNDAC (2006), this 
situation indicated that emission from motorized vehicles 
are the main contributor to the higher ambient Pb content 
rather than that from the mud volcano. 
 Cr and Cd in ambient air were detected during the 
survey periods S3-S5, but did not show any spatial or 
temporal significant differences. Cr concentration was as 
follows: A1 ((S3=0.54); (S4 = 9.46); (S5=0.16) μg/m3); A2 
((S3=0:23); (S4 = 12.83); (S5=0.20) μg/m3); and A3 ((S3 
= 0.31); (S4 = 7:56); (S5 = 0.14) μg/m3). Cr concentration 
was at a safe level with reference to the OSHA permissible 
limit of 500 μg/m3 for Cr III (ATSDR 2008). With reference 
to the EPA Victoria (2003) and Uruioc (2011) the possible 
sources of Cr concentration in the ambient air of the 
sampling stations could have come primarily from the 
cement that was used for the embankment construction 
as well as from volcanic gas and dust. For comparison 
purposes, Uruioc (2011) found that the Cr content of a 
sample of water from the mud volcanoes in Romania was 
in the range of 0.02-0.05 ppm or 42-105 μg/m3. 
 There was no significant (p˃0.05) spatial difference for 
Cd concentration among the three sampling stations i.e. A1 
((S3 = 0.86); ((S4 = 4.15); ((S5 = 1.13) μg/m3); A2 ((S3 = 
0.95); ((S4 = 4.16); ((S5 = 1.13) μg/m3) or A3 ((S3 = 0.78); 
((S4 = 3.89); ((S5 = 1.03) μg/m3. The low concentration of 
Cd was possibly from the naturally occurring resource of 
the volcanic emissions and plants (Williams & Harrison 
FIGURE 2. Satellite images of the LUSI mud volcano for the year of 2010, 2011 and 2012 
(CRISP 2012, 2011, 2010)
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1984) and largely from anthropogenic activity of the metal 
processing industry (Kono 2003) as well as the burning of 
waste materials around human settlements and agricultural 
areas. Overall, the average Cd concentration was at a safe 
level with reference to the OSHA limit of 5 μg/m3 (https://
www.osha.gov/dsg/topics/pel/). The similarity of Cr and 
Cd concentration at the sampling stations indicated that 
the contribution from the LUSI mud volcano with relation 
to the levels of Cr and Cd concentration was low and their 
presence was mainly from various other sources including 
agriculture, construction and housing activities. 
 Generally H2S concentration was significantly higher 
at the stations that were near to the LUSI, emissions, namely 
A1 (2.48-2.92 ppm) and A2 (2.28-2.53 ppm) than that at the 
farther away station A3 (S1=1.53-2.30). This indicated the 
possible contribution of the mud volcano emission to the 
H2S content. Mazzini et al. (2007) and Plumlee et al. (2008) 
reported that the environment at the LUSI mud volcano 
crater smelled of rotten eggs, indicating the presence of 
H2S (at the level of 35 ppm). H2S is found naturally in crude 
petroleum, natural gas, volcanic gases and hot springs. The 
LUSI mud volcano occurred as a result of a failed project 
of oil drilling and natural gas exploration work (ATSDR 
2006; Stamatakis et al. 1987). From previous studies, the 
high concentration of H2S at the sampling stations was 
possibly contributed by various sources including the 
LUSI mud volcano, natural gas and petroleum deposits 
as well as from industries (ATSDR 2006; UNDAC 2006). 
All observed levels of H2S concentration exceeded the 
stipulated levels of the East Java Governor’s Regulations 
(Anon 2009) and the NAAQS USEPA (1990) which are 0.03 
and 0.02 ppm, respectively. However, they were below 
the standard limit stipulated by the Occupational Safety 
and Health Administration (OSHA), which was 20 ppm. In 
comparison to the level reported by Mazzini et al. (2007), 
the current level of H2S concentration shows that its level 
has decreased. 
 Geological processes can lead to high pore fluid 
pressure and this could result in the ejection of mud, liquids 
and gases such as hydrocarbons onto the surface of the 
earth (Niemann & Boetius 2010). From investigations by 
a geological agency, it was reported that the gas emitted 
from LUSI consisted of hydrocarbon (HC) gases and smelled 
of crude oil (Zaenuddin et al. 2010) including benzene and 
toluene (ATSDR 2007b, 2000; UNDAC 2006). The toluene 
concentration ranged from 0.33-0.92 ppm (or 1230-3430 
μg/m3) which is below the stipulated standard of MRLs 
(ATSDR 2007b) as well as that of PELs and OSHA (1 and 
10 ppm or 3728.7 and 37287 μg/m3). Meanwhile, the 
content of benzene ranged from 0.33-0.40 ppm (1043-1264 
μg/m3), levels above the MRLs (ATSDR 2000) standards, 
however, they were still at a safe level according the PELs 
and OSHA standards. The total HC concentration at all the 
stations exceeded the stipulated levels of NAAQS USEPA 
(1990). The total HC levels at the stations near to LUSI, 
namely A1 (0.82-0.89 ppm) and A2 (0.68-0.96 ppm) were 
significantly higher than that at station A3 (0.57-0.92 ppm) 
indicating that LUSI contributed to higher VOC levels. 
However, according to a previous study done by UNDAC 
(2006), the VOC levels were also contributed by several 
other activities that occured in the vicinity of LUSI and 
these included digging, pumping of the mud, road traffic 
emissions as well as industrial emissions (ATSDR 2007b, 
2000). With reference to the correlation coefficient value, 
FIGURE 3. Backward trajectory generated by NOAA HYSPLIT, Meteorological Data 
from January 2011-April 2012
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the contribution of toluene to the total HC concentration 
(r=0.67) was found to be higher than that of benzene 
(r=0.01). 
 NO2-air pollution is important not only because it is a 
result of anthropogenic activities, but also because it reacts 
in the atmosphere to form ozone and acid rain (USEPA 
1999). Table 1 shows that the temporal pattern of NO2 
concentrations fluctuated and all observed concentrations 
were below 0.1 ppm which is considered a safe level 
according to NAAQS, USEPA (1990). The concentrations 
recorded were as follows: station A1 (0.016-0.076 ppm); A2 
between (0.009-0.054 ppm) and A3 (not detected-0.066), 
respectively. Etiope et al. (2002) and Plumlee et al. (2008) 
reported that the mountain of mud contained some nitrogen 
gas. The presence of NO2 in the mud volcano was generally 
the result of the reduction of nitrates by bacteria (Berner 
1971). However, the contribution of NO2 from the mud 
volcano emission was possibly lower than that from road 
traffic and industrial emissions. According to the local 
government reports from 2005 to 2009, the level of NO2 
concentration in the atmosphere of Sidoarjo was high and 
ranged from 10.9-26.6 ppm in heavy traffic areas while it 
was 2.7-4.9 ppm at industrial areas (PPSP 2011).
 The mean observed SO2 concentrations (Table 1) 
fluctuated and there was no significant difference among 
the levels at the three stations, i.e. station A1 (0.021-1.096 
ppm), A2 (0.021-1.938 ppm) and A3 (0.037-1.340 ppm). 
The observed SO2 concentration exceeded the limit of 
NAAQS (1990) which stipulated a level of 0.075 ppm. SO2 
is the dominant sulfur component in the natural gas of a 
volcano (Textor et al. 2003). The SO2 in the atmosphere 
may have come from liquid volcanic plume (Brimblecombe 
1996; Oppenheimer et al. 1998), the reaction between 
H2S and oxygen to form water and SO2 (Kurniawati & 
Azizah 2006) and various anthropogenic activities such 
as electrical utilities, industrial processes, combustion 
in industry, vehicular transportation and other activities 
(Sher 1998; UNDAC 2006). The Indonesian Department of 
Health (2006) reported that SO2 in the LUSI area was low 
(0.0041-0.0060 ppm). PPSP reported that the atmospheric 
content of SO2 and that from the Sidoarjo traffic in 2005 
(before the LUSI mud volcano erupted) was at the level of 
0.38 ppm, but during the initial eruption stage of the LUSI 
mud volcano in 2006, it increased to 1.53 ppm. However, 
in 2009 the level decreased to 0.38 ppm. Moreover, SO2 
in the industrial areas from 2005 to 2009 was in the range 
of 0.803-0.860 ppm. In addition, the number of industries 
in Sidoarjo during the years 2011 and 2012 were 6357 
and 6548, respectively. Accordingly, the high SO2 in the 
study area might have originated from the mud volcano 
but currently is obtained mostly from vehicular traffic and 
industrial emissions. 
 The AQI (Table 1) based on PM2.5 was between 164-
217 and on SO2 it was between 235-291 indicating that 
the air quality status at the sampling stations were at 
‘unhealthy’ and ‘very unhealthy’ levels. Together with 
traffic and industrial emissions, the LUSI mud volcano 
contributed to the Sidoarjo air pollution and thus posed a 
risk to human health. As discussed earlier, the dry dust of 
the LUSI mud could potentially produce PM2.5 hence, the 
surrounding area (500 m radius from the mud volcano) 
is considered risky, with high possibility of exposure 
to PM2.5 and therefore, unsuitable for long term human 
settlement as well as for use as playgrounds or recreational 
parks. In addition, the toxicity of fine particles near 
the LUSI sampling stations could be enhanced by high 
concentrations of VOC, including total hydrocarbons, 
benzene and toluene. Moreover, the surface of PM2.5 can 
adsorb various organic substances such as hydrocarbons 
(Lindner et al. 1983) which may increase human oxidative 
stress and inhibit the mobility of cells (Cai-ping et al. 
2013). 
 Another risky pollutant near the LUSI station namely 
H2S, was found to be at levels above 0.2 ppm and this can 
be inhaled by humans (Collins & Lewis 2000). H2S can 
increase blood lactate content of muscular tissues, resulting 
in muscle fatigue during exercise (Bhambani & Singh 
1991).
 By clustering the observed parameters (Figure 4), it 
was observed that H2S, VOC and SO2 exhibited a close 
relationship, which indicated similarities in the pattern of 
their pollutant levels and sources which included the LUSI 
mud, gas and oil deposits in the vicinity as well as the 
emissions from gasoline fuelled vehicles. However, Cr, 
Cd, Pb and NO2 formed a different group. As previously 
discussed, the Cr, Cd, Pb and NO2 are believed to arise 
from industrial activities and settlements rather than from 
the LUSI mud volcano. Next, the hierarchial position of 
FIGURE 4. Dendrogram of hierarchical air pollutant clusters in the LUSI area
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Pb and NO2 are also related to PM2.5 which possibly is 
also related to the same pollutant source namely vehicular 
transportation activities.
 Besides automobile activities, the hierarchial 
PM2.5 appears to be separate from other groups that 
may have arisen by the presence of other pollutants i.e. 
‘dust’ including the dry LUSI mud, as well as road and 
construction dust. Constructive suggestions have been 
proposed which include relocating the settlements to 
at least 4 km away from the LUSI area and halting the 
construction of permanent buildings such as hospitals, 
schools and other administrative buildings. Developing 
and creating green lung areas within the LUSI area can also 
help to reduce air pollution in the neighbourhood.
CONCLUSION
The LUSI mud volcanic emission and microparticles of 
dried LUSI mud in Sidoarjo, Indonesia has contributed 
to increase in air pollution levels in the affected area 
especially by H2S, SO2 and PM2,5, respectively. The AQI 
of PM2.5 was at levels of 164 to 217 and SO2 at 235 to 
291 indicating that the air quality at the LUSI area is ‘very 
unhealthy’. 
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